The validity of the local density approximation as applied to the construction of the nucleonnucleus optical potential is studied. A Wentzel-Kramers-Brillouin local (WKB) equivalent potential to the second-order term of the Kerman, McManus, and Thaler (KMT) multiple scattering expansion of the nucleon nucleus optical potential is derived. Assuming that the nucleon-nucleon transition amplitude is on the energy shell, we compare the microscopic KMT optical potential with the approximate potential deduced from the nuclear matter limit by use of the local density approximation. Calculations are presented for the nucleon-0 system at 135 and 200 MeV incident energies. It is shown that the use of the local density prescription leads to surface peaking of the optical potential. This effect is absent from the second-order term of the optical potential derived microscopically from the KMT approach. PACS number(s): 24.10.Ht, 24.50.+s, 25.40.Cm 
I. INTRODUCTION
When an incident nucleon scatters &om a nucleon in a nucleus rather than in &ee space there are two basic physical effects which require detailed treatment. One is the action of the Pauli principle, which forbids or blocks certain scattering processes due to the already occupied single-particle states of the finite nucleus. The other is that the incident and struck nucleons interact when each is moving in an external potential field due to the remaining core of target nucleons and which is also responsible for binding the struck particle. The understanding of these effects and thus of the interaction of nucleons with nuclei in terms of the underlying target nucleus structure (wave function) and the elementary free space nucleonnucleon (NN) interaction is of fundamental importance in nuclear physics. A knowledge of this interaction is an input in all scattering and reaction processes, and in particular to high precision photon and electron induced reactions resulting in single-or multiple-nucleon emission.
The clearest microscopic formulation of the nucleonnucleus potential is through multiple scattering expansions, such as those formulated by Kerman, McManus, and Thaler (KMT) [1] and Takeda and Watson [2] . These expand the nucleon -finite-nucleus interaction in orders of an in-medium NN transition amplitude toq. The KMT formalism is usually reexpressed in terms of the NN amplitude toi(~) describing the free scattering of the projectile and struck nucleons, but at appropriate effective NN relative energies Cu . These approaches are based &om the outset upon a finite nucleus description of the target. The alternative most often used nonrelativistic On leave from Departamento de Fisica, Instituto Superior Tecnico, Lisboa, Portugal.
procedure is to construct a NN g-matrix effective interaction appropriate for a pair nucleons interacting in infinit nuclear matter [3] . A local density approximation (LDA) is then used to apply the results to finite nuclei [4 -7] . At intermediate energies the KMT and g matrix formalisms are formally identical, to second order in the nucleon-nucleon transition amplitude, as was considered in detail in Ref. [8] . Calculations based on the two approaches, however, disagree quantitatively and it is thus of considerable importance to try to understand the source of such disagreement. This paper attempts to shed some light on this issue, and in particular the role of the LDA, by comparing the microscopic KMT optical potential, evaluated to second order in the NN transition amplitude, with the potential derived &om nuclear matter by use of the LDA.
Early theoretical implementations of the KMT and Takeda-Watson multiple scattering expansions suffered in that they assumed only very simple (parametrized) rather well determined by empirical NN information, at least to the extent that the on-energy-shell behavior is a dominant contribution.
The first-order expression for the KMT optical potential is the expectation value of the &ee NN amplitude toi(~) in the target ground state. This term has been the subject of a number of careful calculations using full folding and optimal factorization techniques [14 -16] . The key issue here is the appropriate energy u [17] at which the NN transition amplitude is to be sampled in evaluating this matrix element. It is now evident [17, 18] that a fully consistent treatment of this interaction energy, including the effects of both the struck nucleon binding potential and the spread of energies associated with the center-of-mass motion of the active NN pair, needs to be carried out before definitive conclusions can be drawn about the reliability of such calculations and of the accuracy of the optimal factorization approximation.
The second-order term of the multiple scattering expansion has also been the subject of recent calculations [8] . This term modifies the optical potential of the firstorder term to account for the Pauli blocking effects due to the identity of the target nucleons. The published calculations focused particular attention on the importance of the nonlocalities inherent in the NN amplitude and the intermediate state propagator. Evident &om the calculated 8-matrix elements [8] was that the effects of Pauli blocking resulted in a significant reduction to the nucleon-nucleus absorption, particularly in lower partial waves. Local, phase equivalent interactions to the nonlocal KMT optical potentials [19] confirmed these conclusions and showed that the second-order term reduced the strengths of both the real and the imaginary parts of the central part of the interaction in the nuclear interior.
There was also an increase in the strength of the real central interaction at the nuclear surface, and a tendency for surface peaking of the imaginary central part as the incident energy was decreased. These changes at the nuclear surface were, however, smaller than those in the interior and, due to the surface dominance of nucleon-nucleus elastic scattering, the calculated elastic observables did not show large sensitivity to these second-order effects.
Alternatively, NN information can be input into nucleon-nucleus interaction calculations through NN gmatrix interactions goi(p) appropriate for two nucleons interacting in infinite nuclear matter of density p [3] and which take account of Pauli blocking effects within the (infinite) nuclear medium. Several groups have evaluated such g matrices, starting &om a variety of free space NN potentials and approximation strategies [4 -6] . Inherent in this approach is that a LDA has to be applied to go &om nuclear matter to finite nuclei. In essence the g matrix is evaluated for a range of matter densities and then goi, at a given radial position R of density p(B) in the finite nucleus, is identified with that of infinite nuclear matter of the same density, i.e. , goi(p(B)). To date the validity of such approximations has not been verified by detailed comparisons of finite nucleus results. Moreover, unlike the underlying &ee NN transition amplitude, the calculated go~e xhibit considerable sensitivity to the chosen free space NN potential model [6] . In contrast to the KMT finite nucleus calculations [8, 19] [20] . A study of the validity of the LDA within the relativistic &amework was also performed in that work. It was found that the LDA contains the main features of the energy dependence of the optical potential. In the bound state problem the LDA has been found to overestimate the interaction energy for finite systems considerably, particularly for light nuclei [21] .
In the present work we first review the KMT optical potential to second order in the underlying NN interaction to~i(u ). Further details can be found in Ref. [8] .
We also discuss briefly calculations in the nuclear matter limit. Our primary aim is to investigate the accuracy of the LDA in the context of the second-order (Pauli blocking) term of the optical potential. For the purpose of evaluating the optical potential we assume here that the NN amplitude is on the energy shell. In order to clarify the effects of the use of the LDA upon the nuclear matter optical potential, in particular its magnitude and radial form, we derive a WKB local equivalent potential representation, following the formulation of Horiuchi [22] . In this way we are able to compute the local equivalent to the KMT optical potential for comparison with In these equations the sums in cd and P run over all occupied states and to& ((D ) is the free NN transition operator for the energy parameter u, the energy of the NN pair in their center-of-mass kame. In the impulse aproximation u is thus half of the incident laboratory nucleon energy, El2 [15, 16] .
It can be shown [1, 8] If we neglect the single-particle energy differences e ep in Eq. (5) [8] , the momentum space matrix elements of the interaction U~~can be rewritten (6) where g(I(;") is the intermediate state propagator (in momentum representation) and q = k -k" and q ' = k" -k'
are the momentum transfers at the two NN vertices. For a target of zero total spin and isospin
where p(r, r ') is the probability density of finding a nucleon at position r and another at position r, i.e. , 1(r r') = From Eqs. (10) - (12) it follows that the correlation function is normalized to the number of nucleons A, drdr 'D(r, r ') = A .
A clear conclusion from our previous studies [8] was that those nonlocalities associated with the NN transition amplitude are not significant in the evaluation of the second-order term of the optical potential. Thus we write [see Eq. (6)]
(k'(("*'lk) = f dk"rer(~q)rer(~q -')r(k")D(q, q'), (14) where to&((D, q ) is evaluated on the energy shell. A sum over all components of the scattering amplitude, as in Eq. (7) 
It is clear &om Eq. (18) (21) with pedi the nucleon target reduced mass. In Ref. [19] we evaluated phase equivalent local potentials which reproduced with high accuracy the elastic partial wave Smatrix elements obtained &om the full microscopic momentum space calculations. It was found that for energies in excess of 100 MeV, the S-matrix elements of the second-order KMT potential could be reproduced by a smooth and orbital angular momentum independent local interaction.
In the present work we are primarily interested in the study of the effect of the LDA on the second-order term of the KMT potential. To evaluate a local equivalent to this potential term we make use of formalism developed by Horiuchi [22] . This makes use of the WKB approximation which is valid for proton incident energies in the energy region of interest. As described in detail in Sec. IV we are able to obtain an analytic expression for the local equivalent of the second-order term. This allows the efFect of assumptions made in the evaluation of the optical potential to be identified very clearly.
We consider first the scattering &om an optical potential with local and nonlocal components, written V (r) + G(r, r '). The Schrodinger equation thus assumes the forxn + dr'G r r' CNg r' = ECNg r . 22 If the nonlocal component satisfies the normal symmetry and rotational invariance requirements, then G(r, r ') is a function of the three scalar variables r, r', and r. r ', or alternatively of (r + r ') z, (r -r ') z, and (r + r ') (r -r ').
For the problem of interest, finding a local equivalent to the second order KMT p-otential, Eq. (5), we assume V (r) is the local equivalent of the first-order KMT term. In fact we take V(r) to be the local phase equivalent interaction obtained in Ref. [19] . The [E -V'q(r)] (24) in partial wave 8, is obtained &om the %igner transform after the substitutions G (r, k) =/dse"'"G(r -s/2, rd-s/2), (23) and where rotational invariance implies that G (r, k) G~(rs, k2, (r k) 2). The local equivalent potential, acting I with the result that
The equivalent potential is in general 8 dependent, which arises from the angular dependence upon the position r and the momentum k. The radial wave functions generated in the nonlocal uNL(r) and local uL, (r) potentials are related by [22] uNL (r) = A(r ) uL, (r), 
Upon summing over spin and isospin variables then DEsp (r, r ') = I g(r r ') I where g(r, r') is the mixed density, g(r, r') = 2 ) R"g (r)Y&' (r)R"g (r')Yg~( r"') .
+aCa~a (32)
For a doubly closed-shell nucleus the single-particle density and correlation function are readily expressed in terms of the single-particle radial wave functions according to
Dsp(r, r') =, ) l EpR".g. (r)R",g, (r)R".I, (r')R",gs(r')) ( [24] proposed an expansion of the mixed density (DME) in powers of the NN separation about the center-of-mass point. Performing the angular integral over all NN separation directions they obtained, to second order in the gradient of the density, a correction term to the Slater approximation. This term takes into account approximately the departures of the mixed density in the finite nucleus &om its value in the nuclear matter.
Campi and Bouyssy (CB) [25] propose an alternative approximation to the mixed density based upon the DME. 
The A = 0 component of the second-order potential is therefore given by U& e(r) = fdesje(jss)e'""F/((r, s),
and, for a spherical nucleus, using HO target wave functions, the second-order term of the KMT potential can be represented by a local E-independent equivalent potential. This is the expression calculated nuxnerically here. We note that in the high-energy limit, assuming the efFective moment»m k in the Wigner transform can be fixed. to the incident momentum k kp, as is 
VI. NUMERICAL RESULTS

A. Nucleon-nucleon amplitudes
In previous studies of the second-order KMT optical potential [8, 19] the required &ee NN amplitudes were calculated exactly, both on and ofF the energy shell, from the Paris potential [12, 26] . In the present work the NN amplitudes are assumed on the energy shell. A detailed evaluation of the second-order term of the KMT potential was presented in [8] . Our aim here is to provide insight into the validity of local density approximations to the second-order (Pauli blocking) term of the optical potential and we have therefore assumed the simpli6ed
Gaussian parametrized form of the P function, Eq. (7), as a function of the NN energy and momentum transfer, and given by Eq. (60).
In using Eq. (60) the overall normalization Po(~) was assigned the value calculated from the Paris NN potential, Eq. (7), at zero momentum transfers, q = q' = 0.
The Gaussian range parameter c, at 135 and 200 MeV incident energies, was chosen such that the imaginary part of the calculated local potential to the second term was consistent with that obtained &om the fully microscopic second-order calculations of Ref. [19] . We obtained the values c = 0.95 fm~a nd c = 0.75 fm at 135 and 200 MeV, respectively. A comparison of the calculated P(uo q, q') with these parameters, dashed curves, with the exact Paris potential P function Eq. (7), solid curves, for the diagonal (q = q') elements is presented in Fig. 1 . We note that the Gaussian parametrization does provide a reasonable description of the imaginary parts of the relevant NN form factor for q ( 1.5 fm, at both 135 and 200 MeV, and also follows the main trend of the real parts of the amplitude. 
B. Correlation functions
In this subsection we consider brieBy the extreme single-particle model correlation function for an~0 target and the local density approximations to it. For consistency we use the harmonic oscillator (HO) description of the target single-particle functions in calculating both the single-particle, and the LDA's to the correlation function.
The oscillator range parameter a=1.77 fm was taken &om Donnelly and Walker [27] . 
C. Optical potential
Using the correlation functions above, the local equivalent to the second-order term of the optical potential can be calculated from both the finite nucleus viewpoint and, using the LDA, from the nuclear matter limit. All f. Microscopic optical potential Figure 4 shows the real and imaginary parts of the local equivalent to the second-order term of the microscopic optical potential Uo (r), Eq. (57), at 135 MeV.
The curves show the single-particle (solid line), CB (dotdashed line), and Slater (dotted line) approximations to the Pauli blocking term where the I"o(r, s) are calculated &om Eq. (62). The Campi-Bouyssy LDA to the correlation function gives a good representation of the singleparticle optical potential, as was expected given the results presented in Fig. 2 . The potential derived from the Slater approximation decays more slowly than the corresponding single-particle-based potential. Nevertheless, it gives qualitatively the same results, despite giving a poor description of the correlation function at the nuclear surface, since only the short range behavior of the correlation function is sampled in the evaluation of the optical potential. The figure also shows the corresponding optical potential calculations at 200 MeV with qualitatively similar results.
In Fig. 5 we compare the calculated local second-order terms Uo (r) at 135 and 200 MeV of the present work, and derived from the Wigner transform, with those obtained by inversion of the S-matrix elements of the complete microscopic calculations described in Refs. [8, 19] .
Both the real and imaginary parts of the second-order term of the optical potential from the Wigner transform approach provide a quantitative representation of the phase equivalent local potentials of [19] potential. Figure 6 presents the real and imaginary parts of the second-order term of the optical potential derived &om the approximate correlation function, denoted D pp earlier, and which was introduced to approximate (see Fig. 3 ) the Pandharipande correlation function, but in a rather simpler numerical form. As was noted earlier, the residual dependence in these descriptions of the correlation function, upon the directions of the NN center-ofmass and separation vectors, leads to the derived optical potentials being partial wave (/) dependent. The figure presents the potentials calculated in the E =0, 10, 20, and 30 partial waves. As follows from the figure the E dependence is relatively weak over the range of relevant orbital angular momenta and the underlying interaction is quantitatively very similar to that of the earlier used correlation functions. Figure 9 shows the zero range (of the NN amplitude) limit of the second-order term of the optical potential derived from the single-particle correlation function (solid line), and the density dependent optical potentials de- In all calculations in this section the approximate methods of this paper are used to obtain the local secondorder term of the optical potential. These potentials are then added to the local representation of the 6rst-order term of the KMT potential obtained in [19] , including its spin dependence, and the observables calculated. The Coulomb interaction is not included and is of no relevance to the present discussion.
To clarify the significance of the use of approximate 
